It is well-documented that patients with Huntington's Disease exhibit specific deficits in visual cognition. A less well-documented literature also exists that suggests people with Huntington's Disease experience a number of disease-related changes to more rudimentary sensory visual processing. Here, we review evidence for the effects of Huntington's Disease on the integrity of the early visual pathways in humans along with changes to low-level visual sensitivity. We find evidence for reduced structural and functional integrity of the visual pathways, marked by retinal thinning, reduced VEP amplitude, and cell loss and thinning in visual cortex. We also find evidence of visual perceptual deficits, particularly for colour and motion. We suggest that future studies with well-defined HD and HD-related groups in appropriate numbers that systematically examine the relationship between structural changes to the visual system, basic visual perceptual deficits and disease stage/severity are therefore likely to yield promising results.
Introduction
Huntington's Disease (HD) is a progressive neurodegenerative condition caused by an expanded CAG repeat in the huntingtin gene, which encodes an abnormally long polyglutamine repeat in the huntingtin protein [1] . Inherited as an autosomal dominant trait, each child of an affected parent has a 50% risk of carrying the gene mutation. Core symptoms include motor problems, psychiatric disturbances and cognitive deficits. Symptom onset typically occurs between 30 and 50 years. There is no cure and the disease is fatal [2] . Motor symptoms represent the most outwardly distinct symptoms and are marked by chorea, dystonia, bradykinesia and akinesia [3] . Psychiatric symptoms often manifest in the early stages of the disease, prior to the onset of motor symptoms and include depression, anxiety, impulsivity, and irritability, which can be accompanied by aggressiveness and obsessivecompulsive behaviour [3] . Cognitive symptoms such as poor executive control and working memory deficits are also common and can be evident at least 15 years before diagnosis [4] .
Predictive genetic testing is now readily available for at-risk individuals. However, a genetic diagnosis gives no indication of an individual's clinical state at the time of testing or when symptoms will become apparent [5] . Clinical diagnosis of manifest HD is typically made using the Unified Huntington Disease Rating Scale (UHDRS) which assesses motor function, cognitive function, behavioural abnormalities, and functional capacity [6] .
Cognitive deficits represent a core feature of Huntington's Disease and the majority of tests used to assess cognition rely on visual representations of objects. As such, deficits in 'higherlevel' visual functions that require cognitive control are consistently documented. These include deficits in visual search [7, 8] , visual selective attention [9] , mental rotation [8, 10] and some aspects of visuo-spatial working memory [7, 11] . In such cases, it is difficult to tease the relative contributions of reduced bottom-up, sensory neurotransmission and topdown cognitive control to performance impairments, although it is likely that cognitive disturbances have a marked effect on performance on some visual sensory tasks.
Deficits in oculomotor control may also impact upon performance on some visual sensory and/or visuo-cognitive tasks, particularly tasks that require eye-movement driven aspects of visual attention. Principal eye movement disturbances include impaired saccade initiation, reduced saccade velocity, increased saccade latencies, an increase in square-wave jerks and increased distractibility when required to fixate a single point. These oculomotor disturbances are pronounced in HD manifest patients and there is also evidence that they are also present, albeit to a lesser extent, in pre-manifest HD. 1 Although deficits in visual cognition and eye movement control are typically regarded as the principal vision-related dysfunctions in HD, there is a parallel, somewhat disregarded literature concerning its effects on more basic visual perceptual processing. Here, we review the effects of this neurodegenerative disease on the integrity of the early visual pathways and the associated visual perceptual changes in humans.
Materials and Methods
A search was undertaken using Web of Science from January 1980 to May 2018, using the following search terms: "Huntington's", 'visual', "vision", "visual acuity", "contrast sensitivity", "depth", "stereo", "colour vision", "form perception", "motion", "retina", "visual cortex". 26 articles were ultimately included in the review, identified in accordance with PRISMA guidelines [15] as summarised in Figure 1 .
Results

Changes to the integrity of the visual pathways
A number of studies have reported HD-related effects on the structural and functional integrity of the visual pathways, where changes have been documented in the retina and in visual cortical areas.
The retina
Until recently, very few studies had assessed the effects of Huntington's Disease on the human retina. An early study reported that HD patients had higher increment detection thresholds for a foveal blue test than controls [16] . More recently, two studies have examined the possible effects of HD on the retina using electroretinograms (ERGs). Pearl et al. [17] 1 Eye movement dysfunction is beyond the scope of this review and is comprehensively reviewed elsewhere [12, 13, 14] reported increased ERG amplitudes across a range flash intensities but there no differences in their latency. Conversely, Knapp et al. [18] reported reduced ERG amplitudes in single case study of a 25 year old asymptomatic gene carrier with no differences in latencies.
Comparable results were also reported for multifocal electroretinogram (mfERG) where P1 amplitudes were reduced in both eyes in the central retina whereas latencies appeared normal.
Although Knapp et al. [18] report findings from a single case study, it is of note that reduced ERG amplitudes are in keeping with results from mouse models of Huntington's Disease [19] . Moreover, a key difference between the two studies is that whereas Knapp et al. [18] report data from an unmedicated premanifest subject, Pearl et al. [17] report data from a group of HD-manifest patients. Some medications prescribed to HD patients, such as haloperidol have been shown to enhance ERG amplitudes in non-human primates, causing them to appear normal [20] . As such, these findings may be due, at least in part, to medication rather than the disease per se.
A number of recent studies have used high-resolution retinal imaging techniques such as optical coherence tomography and have begun to uncover HD-related changes to the morphology of the retina. Temporal retinal nerve fibre layer (RNFL) thickness has been shown to be significantly lower in an HD group where both manifest and pre-manifest patients differ significantly from controls [21] . Within the HD group, there was no difference between manifest and pre-manifest HD. Although there was no overall significant difference in macular volume between the HD group and controls, decreased macular volume in HD patients was associated with increasing disease duration and there was a negative correlation between macular volume and motor scores (determined by the Total Motor Score of the Unified Huntington's Disease Rating Scale (TMS-UHDRS) [22] . Reduced macular choroidal thickness in HD patients compared to controls has also been reported [23] .
Furthermore, although there was no significant difference in macular retinal thickness measurements between the HD and control eyes, in HD patients, there was a negative association between macular retinal thickness and motor scores on the TMS-UHDRS. More recently, reduced temporal, inferotemporal and superotemporal RNFL thickness, increased nuclear and outer retinal layer thickness and lower inner plexiform layer, retinal pigment epithelium and outer macular volume has been documented in HD compared to controls [24] .
A number of correlations with indicators of disease progression were also reported. Of particular note were associations between mRNFL and ganglion cell layer thinning and disease progression. Finally, a single case study of an asymptomatic gene carrier found no evidence of any macular changes using OCT [18] . Additional details of retinal studies and their findings are summarised in Table 1 .
Visual evoked potentials
Visual evoked potentials (VEPs) are electrical potentials, elicited by the brief presentation of visual stimuli. They are recorded from the scalp overlying the occipital lobe (visual cortex) and provide a measure the functional integrity of the visual pathways [25] in that they measure the amplitude (strength) and latency (timing) of visual system responses. A number of early studies examined the effects of HD on visual processing using visual evoked potentials (VEPs), the results of which are relatively conclusive [26] [27] [28] [29] [30] . The amplitude of VEPs were consistently reduced in HD patients compared to controls [29] [30] . VEP amplitude was typically normal in at risk offspring of HD patients [26, 29] , although there was a reduction in a subset of some offspring [27] . VEP latency was unaffected, being normal in patients and their offspring [26] [27] [28] [29] [30] . Further study details are provided in Table 2 .
These early studies that assessed the effects of HD on VEPs were conducted before routine genetic testing for the disease. As such, whether at risk offspring had actually inherited the disease would have been unknown. Furthermore, although VEP studies provide useful insights into changes in the functional integrity of the visual system, abnormal VEPs can reflect changes anywhere between the retina and the visual cortex. However, it is worth noting that reduced VEP amplitude, as shown consistently in HD, is characteristic of optic nerve atrophy [31] , a notion supported by recent findings from OCT studies for temporal RNFL thinning [21, 24] which suggest optic nerve axonal damage.
Visual cortex
Magnetic resonance imaging studies have revealed occipital atrophy in HD and premanifest HD, particularly in occipitolateral, occipitotemporal and lingual regions [8, [32] [33] [34] [35] [36] .
Additionally, there appear to be associations between visual cortical thickness and visuocognitive task performance [8, 35, 36] and disease burden [36] . HD-related reductions in cell number in visual cortex have also been reported, although the precise nature and extent of damage in early visual cortical regions remains unresolved. An early study reported a reduction in cell numbers in BA17/V1 in the post-mortem brains of 5 advanced HD patients compared to 5 age and sex-matched controls have been reported [37] . More recent studies have shown some similar results where, although the extent of cell loss varied considerably within and between HD brains, widespread cell loss was identified for neurons and pyramidal cells in the parietal, temporal, and occipital lobes of 14 HD patients and 15 controls [38] .
Although this pattern was least marked in primary visual cortex, it is of note that cell loss in primary and secondary visual cortices was associated with Huntington's disease motor symptom profiles. Other studies have shown cell loss in the primary visual cortex of 7 HD patients compared to 7 controls, where a 32 percent reduction in the estimated absolute number of BA17/V1 nerve cell numbers has been documented [39] .
Changes to visual sensitivity
That effects of HD on the integrity of the visual pathways, particularly the retina and the visual cortex, are such that it is likely that there exist HD-related changes to basic visual function. Indeed, this seems to be the case whereby problems encoding both spatial (stationary) and temporal (moving) visual patterns have been reported. Below, we summarise these changes to basic visual function and, where possible, attempt to map such changes onto HD-related visual pathway damage.
Colour vision
Acquired colour vision deficits are common in neurodegenerative disorders and reflect damage to the retina and/or the optic nerve. Performance on the Ishihara Colour Plate Test, a test for red-green colour deficiencies, has been found to be compromised in HD [21, 24] . HD patients have also been shown to exhibit significantly worse colour/hue discrimination on the Farnsworth Maunsell 100 Hue Test, a chromatic discrimination test based on coloured capsorting. Deficits were characterised by greater total error scores (poorer overall colour discrimination) and partial scores on both red-green and blue-yellow axes [40] . Further details are given in Table 3 .
The deleterious effects of HD on colour vision [21, 24, 40] , particularly the reduced ability to discriminate between different hues [40] , adds weight to the findings of ERG and OCT studies and to the notion that HD affects the retina and the optic nerve. However, mapping colour vision deficiencies onto specific HD-related pathology in the visual system is not possible based on the existing literature. For example, whether colour vision deficiency is congenital or acquired in HD patients is not clear, although it is likely that it is acquired. Acquired blue-yellow deficits that precede red-green anomalies are often indicative of retinal disease, whereas red-green deficits, which may be accompanied by some blue-yellow loss, are more likely to reflect damage to the retinostriate pathway (including the optic nerve) (Kollner's rule). However, there are examples of many ocular diseases that violate this assumption [41] . As such, although colour vision deficits may represent visual markers of HD, their clinical/diagnostic utility are, at present, unknown. For example, whether they are present in pre-manifest HD is presently unclear because only 6 pre-manifest patients have been included in one study [21] . In that study, there was no difference between pre-manifest HD and HD patients. Given the small number of participants, no firm conclusions can be drawn at present. There are also no longitudinal studies to determine the precise nature or time-course of colour vision deficits. Another cautionary note concerns recent findings that FM100 performance is not purely a measure of colour discrimination but instead also reflects general nonverbal ability [42] . Given evidence that non-verbal fluency is reduced even in prodromal HD [43] , the FM100 may not represent a suitable means of testing colour discrimination in this group.
Form perception
Studies that have investigated the effects of HD on form perception (the ability to recognise and distinguish between objects) have investigated both simple, low-level visual discrimination and those that require higher levels of cognitive control. Deficits in higher level tasks that require the ability to spatially manipulate visual information (e.g. mental rotation) are consistently impaired in pre-manifest and manifest HD [8, 10] . However, these deficits are likely to reflect deficits in cognitive control, rather than deficits in visual function per se. The effects of HD on the ability to make simple visual form judgements remains unresolved. Whilst some studies report that the ability to distinguish between simple shapes is preserved in HD [44] , others report that it is deleteriously affected [45] .
Spatial contrast sensitivity
A number of studies have sought to determine the effects of HD on spatial contrast sensitivity. Contrast sensitivity refers to the ability to distinguish low contrast objects from each other and from their background. Contrast sensitivity deficits can be present even when there is no detectable impairment in visual acuity and can reveal abnormal visual processing at the level of the retina and in the cortical and subcortical visual pathways [46] . Studies that have examined spatial contrast sensitivity have done so using the Vistech Contrast Test System and psychophysical contrast thresholding procedures. The Vistech Contrast Test System is a contrast sensitivity chart made up of 5 rows of gratings depicting spatial frequencies of 1.5, 3, 6, 12, 18 cycles per degree of visual angle (c/deg) (top to bottom).
Grating contrast (9 levels) decreases along each row (from left to right). Observers judge the orientation of each grating pattern (left, right, vertical). The lowest contrast grating for which the orientation is correctly identified determines the contrast sensitivity score. Psychophysical contrast thresholding procedures use carefully-controlled computer-generated sinusoidal grating patterns, across a range of spatial frequencies. Contrast thresholds correspond to the minimum difference between the light and dark transition at a border or an edge of a pattern or object that allows an individual to reliably detect its presence. Psychophysical techniques therefore provide a more sensitive measure of contrast detection than contrast charts. Contrast sensitivity has been determined in HD patients and HD gene carriers using both The Vistech Contrast Test System [47, 48] and psychophysical contrast thresholding techniques [44, 49] and no evidence of spatial contrast sensitivity deficits have been found (Table 3) .
Temporal contrast sensitivity
Temporal contrast sensitivity deficits are often heralded as a means to uncover visual pathway-specific damage. For example, deficits that are most pronounced at low spatial and/or high temporal frequencies are typically regarded as reflecting a magnocellular problem, affecting magnocellular neurons that project preferentially to the dorsal visual stream. Those that are most pronounced at high spatial and/or low temporal frequencies are typically regarded as reflecting a parvocellular problem, affecting parvocellular neurons that project preferentially to ventral visual stream structures (although see [50] for a review). A single study has examined the effects of HD on contrast sensitivity for moving test patterns [44] . Participants judged the direction (left vs. right) of 1.3 c/deg sinusoidal grating patterns drifting at 2.1, 9.3 or 18.8 Hz. Temporal contrast sensitivity was markedly reduced in patients compared to both a group of pre-diagnostic gene carriers with mild neurological abnormalities and controls at all temporal frequencies. Some temporal-frequency selective differences were also evident between groups (see Table 3 for further details). These deficits are likely to reflect changes in the local motion, contrast-sensitive stage of the motion processing pathway, typically associated with primary visual cortex (area V1). Future studies should examine a wider range of spatial and temporal frequencies, which may reveal a more detailed understanding of the spatiotemporal frequency-specificity of contrast sensitivity deficits and provide greater insight into the underlying disease-related pathology in the visual system.
Global motion perception
Global motion refers to instances in which the individual motion trajectories of local elements combine to create a larger aggregate moving stimulus. Although the local (individual) moving elements move along different trajectories, their combined direction appears to move coherently. Real world examples include the movement of a swarm of bees or a flock of birds. This type of motion can be simulated using random dot kinematogram (RDK) patterns in which some individual dots move in the same direction (signal dots) whilst others move randomly (noise dots). The greater the proportion of individual dots that move in the same direction (signal) and/or the fewer dots that move randomly (noise), the easier it is to judge the motion of the overall pattern. Two studies have investigated the effects of HD on global motion perception but have produced mixed results. One study [49] showed HDrelated deficits in the ability to accurately determine the overall direction of RDK patterns.
This was reflected in lower noise thresholds for HD patients compared to controls (i.e., the proportion of noise dots, relative to signal dots, required to impair performance was significantly less in HD). However, a later study by the same group [44] found no differences HD and controls. The authors suggest that the differences between studies is most likely caused by differences in severity between the HD patient samples in the 2 studies, specifically, that participants in their earlier study were in the later stages of the disease. It is certainly plausible that this is the case. Differences in RDK stimulus parameters might also feasibly contribute to the disparity between studies. In other groups such as the aged, for whom global motion perception is differentially compromised, deficits are specific to particular stimulus parameters, such as the contrast, spatial displacement, or speed of local moving elements [52] . Future studies are therefore required to determine the precise nature and extent of global motion deficits in HD and HD-related samples.
Global motion processing deficits reflect damage to the extrastriate areas of the dorsal visual processing stream (e.g. MT, MSTd) in which the output of local motion detectors earlier in the motion processing pathway (e.g. V1) are pooled or combined [51] . If reliably established, deficits in in this domain would indicate degraded output of local motion detectors early in cortical visual processing pathway (e.g. V1), a reduced ability of neurons in extrastriate visual areas (e.g. MT) to integrate/pool the output of local motion detectors across visual space, or a combination of both. Of particular note is that motion processing deficits fit well with reports of cell loss in layers IVc and VI of BA17/V1 [39] , both of which have been implicated in transmitting neural signals concerning visual motion up-stream from area V1 to extrastriate visual areas such as MT, via the magnocellular processing stream [53] .
Summary and conclusions
In recent years, genetic testing has allowed better classification of Huntington's Disease and advances in imaging techniques have allowed more precise analysis of its effects on the structural and functional integrity of the visual system. Key changes to the visual system include retinal thinning, reduced VEP amplitude, reduced cell numbers in visual cortex, reduced occipital cortex thickness, impaired colour vision and poor motion perception.
However, studies to date typically include small numbers of participants and the direct associations between structural changes to the visual pathway and visual perceptual deficits are relatively unknown. In addition, although changes are evident in HD manifest groups, they are less well-established in pre-manifest gene carriers. Future studies with well-defined HD and HD-related groups in appropriate numbers that systematically examine the relationship between structural changes to pathway, basic visual perceptual deficits and disease stage/severity are therefore likely to yield promising results. using the following search terms: "Huntington's", 'visual', "vision", "visual acuity", "contrast sensitivity", "depth", "stereo", "colour vision", "form perception", "motion", "retina", "visual cortex". Articles were identified in accordance with PRISMA guidelines [after Moher et al., 15] . 38 full text articles were screened of which 26 were included in the review. Tables 1, 2 and 4, n=30 is given for patients and controls, which suggests that both eyes were included in the analysis. We have reported the group numbers stated explicitly the text, rather than that from the data tables in the paper.
